The ability of an inositol phosphate-glycan (IPG) to mimic the effects of insulin on regulation of the expression of specific mRNAs was studied in isolated hepatocytes from normal and diabetic rats. Incubation of normal liver cells with IPG (10 HM) during 90 min produced a 5-fold decrease in phosphoenolpyruvate carboxykinase (PEPCK) mRNA levels, which had been previously increased about 10-fold by incubation with 8-bromo-cAMP (0.1 miui). The effect of IPG was dose dependent and could not be reproduced by galactose, glucosamine, or myo-inositol. IPG reduction of PEPCK mRNA is primarily due to a decrease in the rate of transcription of the gene, as judged by nuclear run-on transcription experiments performed in rat hepatoma H4IIE cells. In hepatocytes isolated from diabetic rats, treatment with 5 HM IPG for 15 min caused a 4-fold induction in the expression of a 2 -microglobulin mRNA concomitantly with a 2.5-fold decrease in the level of PEPCK mRNA. Cleavage of IPG with nitrous acid abolished both the increase and the decrease in specific mRNAs levels. Glycosyl-phosphatidylinositol, the lipid precursor of IPG, did not modify either PEPCK or a 2 -microglobulin mRNA levels. These data indicate that both positive and negative effects of insulin on the regulation of gene expression are mimicked by IPG.
INTRODUCTION
The chain of intracellular events triggered by insulin upon binding to its plasma membrane receptor, leading to modulation of enzymes and regulation of gene expression, is partially known and remains the subject of much investigation and controversy (1) (2) (3) . In this context, it has been shown that insulin stimulates the phospholipase C-catalyzed hydrolysis of glycosyl-phos-0888-8809/91/1062-1068$03.00/0 Molecular Endocrinology Copyright © 1991 by The Endocrine Society phatidylinositol (gly-Ptdlns) in a variety of cells (for reviews, see Refs. [4] [5] [6] . The products of this hydrolysis are diacylglycerol and inositol phosphate-glycan (IPG). IPG structure consists of phosphoinositol linked glycosidically to one glucosaminyl and several additional sugar residues (7) (8) (9) (10) . The role of IPG as an insulin mediator has been postulated on the basis of, first, insulindependent regulation of gly-Ptdlns turnover (7-8, 1 1 -13); second, the finding that anti-IPG antibodies selectively block some of the actions of insulin (14) ; and third, the ability of IPG to mimic the short term effects of the hormone on lipid metabolism (15) (16) (17) , glycolytic flux (17) (18) (19) , and cAMP levels (17, 18) . Insulin-like long term actions of liver-purified IPG on protein synthesis (20) and cell proliferation (21) have also been reported. Moreover, conditioned medium from hepatoma cells containing an IPG-like compound also promoted cell proliferation (22) , and a putative insulin metabolic mediator fraction from liver and muscle stimulated p33 mRNA accumulation under certain conditions (23) . We have examined whether liver-purified IPG was able to regulate the expression of phosphoenol-pyruvate carboxykinase (PEPCK) and a 2 -microglobulin, two typical target genes of insulin action in isolated rat hepatocytes. The enzyme phosphoenol-pyruvate carboxykinase (GTP; PEPCK; EC 4.1.1.32) plays a key regulatory role in the gluconeogenic pathway, and its synthesis rate is acutely regulated by a number of hormones (24, 25) . Insulin decreases the level of PEPCK mRNA in rat liver in vivo and in vitro, antagonizing the stimulatory effects of cAMP (26, 27) . This effect of insulin has been studied in detail, and it occurs at the transcriptional level (28) . a 2 -Microglobulin gene expression is another well defined example of multihormonal regulation (29) . Insulin increases the transcriptional rate of a 2 -microglobulin gene in livers from diabetic animals (30) . Evidence is presented that IPG exhibits negative and positive effects on the steady state levels of the mRNA encoding for PEPCK and a 2 -microglobulin, respectively. In addition, the effect of IPG is primarily due to a decrease in the transcription of the PEPCK gene. These data demonstrate that IPG faithfully mimics the reported effects of insulin on the expression of these genes.
Insulin-Like Effects of IPG on mRNA Expression
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RESULTS AND DISCUSSION
Effect of IPG on PEPCK mRNA Expression
Incubation of hepatocytes isolated from normal rats with 8-bromo-cAMP (8-Br-cAMP; 0.1 mM) caused within 60 min a 9-fold induction of the steady state levels of PEPCK mRNA, which were maintained for at least 150 min (Fig. 1) . In agreement with previous results (26) , when insulin (100 nM) was added to the medium after (Fig. 1) . Under the same conditions, IPG (5 fiM) caused a 4-fold decrease in 8-Br-cAMP-preinduced levels of PEPCK mRNA (Fig. 1) , similar to that observed for insulin. Hydrolysis of IPG with nitrous acid, a procedure that abolishes IPG biological activity (7, 8) , resulted in the loss of this IPG effect (IPGi in Fig. 1 ). The levels of a-tubulin mRNA, measured as internal standard, did not appreciably change after the treatments (Fig. 1 ). Like insulin, IPG was able to prevent 8-Br-cAMP stimulation of the PEPCK mRNA content when cells were simultaneously treated with IPG and cyclic nucleotide for 90 min ( Table   1 )-
In parallel experiments, the preparation of IPG used was shown to mimic insulin action on the stimulation of amino acid transport and glucose incorporation into glycogen in rat hepatocytes and proliferation of NIH 3T3-derived EGFRT 17 fibroblasts ( Table 2 ). The rat liver gly-Ptdlns from which we generated in vitro IPG has been shown to be hydrolyzed in response to insulin in vivo, and the chemical and biological properties of 18S -a-Tub - [4] [5] [6] . To further assess the hypothesis of IPG acting as an insulin mediator on PEPCK mRNA expression, an IPG generated in response to insulin was used. Figure 2 shows a comparison between the effects of insulin-generated IPG and in vitro purified IPG on the reduction of PEPCK mRNA levels preinduced with 8-Br-cAMP. Both preparations of IPG produced a similar decrease in the PEPCK mRNA content under the experimental conditions described above.
To further characterize the effect of IPG on PEPCK mRNA levels, normal rat liver hepatocytes were treated with 0.1 rriM 8-Br-cAMP for 60 min, then different amounts of IPG were added, and the incubation was continued for 90 min more. Figure 3 shows the IPG dose-dependent reduction of PEPCK mRNA; 0.1 MM IPG caused a 20% decrease with respect to the control value (C), while a significant reduction (-75%) was observed with 1 ^M IPG, and a reduction to the levels observed with 100 nwi insulin was obtained at 10 ^M IPG (Fig. 3) .
Specificity of the Effect
To determine the specificity of IPG effect on PEPCK mRNA levels, cAMP-pretreated liver cells were incubated for 90 min with several substances structurally related to IPG, such as galactose, glucosamine, or myoinositol, at 1 ITIM. The results (Fig. 4) show that none of them had any effect, indicating that the observed IPG effect was specific. IPG is generated by the phospholipase-C hydrolysis of gly-Ptdlns (7, 8) . The addition of either gly-Ptdlns (10 ^M) or the lyophilized aqueous phase from the phospholipase-C reaction mixture without glycolipid (GPI and blank, respectively, in Fig. 4 ) was also ineffective in changing PEPCK mRNA levels. From the data presented above it can be concluded that IPG mimics the negative effect of insulin on the expression of the mRNA encoding for PEPCK. A possible criticism of this observation could be that IPG may mediate negative effects on PEPCK mRNA expression by counteracting the cAMP induction in some way unrelated to insulin action or by inhibiting transcription in a general way. This criticism was addressed by studying in hepatocytes from diabetic rats the effect of IPG on the mRNA levels of a 2 -microglobulin, a gene known to be under short term transcriptional up-regulation by insulin and not regulated by cAMP (30) .
Effect of IPG on a 2 -Microglobulin mRNA Expression
The effect of IPG on a 2 -microglobulin mRNA levels was studied in parallel with its effect on PEPCK mRNA levels in diabetic rats. We found that IPG, when added to isolated liver cells from diabetic rats, produced within 15 min a 4-fold increase in the levels of a 2 -microglobulin mRNA (Fig. 5) . At 0.1 /XM, IPG was unable to produce any significant change in the steady state levels of a 2 -microglobulin mRNA, while at 1 or 5 MM, IPG increased the amount of ^-globulin mRNA to the same levels as those observed when hepatocytes were incubated with insulin (100 nM; Fig. 5 ). Nitrous acid-inactivated IPG and gly-Ptdlns, when added to diabetic hepatocytes, are unable to affect the levels of a 2 -microglobulin mRNA (Fig. 5) . Therefore, IPG, like insulin, was able to produce -a2/u-Glob a-TUB - Figure 5 also shows the hybridization of the same filter with PEPCK cDNA. The amount of PEPCK mRNA is known to be increased in diabetic animals (27) . IPG was able within 15 min to produce a 2.5-fold decrease in the level of PEPCK mRNA. However, as previously reported (25), insulin had no significant effect within this time on PEPCK mRNA levels. It should be pointed out that the blot shown represents two hybridizations of the same mRNA samples with the same time of exposure; the data obtained indicate that IPG is able concomitantly to increase the expression of « 2 -microglobulin mRNA and decrease the levels of PEPCK mRNA, similarly to insulin.
The results presented show evidence that IPG is able to mimic both positive (a 2 -microglobulin) and negative (PEPCK) effects of insulin on gene expression in hepatocytes from both normal and diabetic rats. Similar insulin-like effects on p33 mRNA accumulation were observed in H4 hepatoma cells after long term treatment (4 h) with a partially purified extract containing an insulin metabolic mediator fraction (23) . In contrast, our data show that, with a fast time course similar to that of insulin, IPG decreases (PEPCK) and increases (« 2 -microglobulin) mRNA steady state levels in rat hepatocytes. These rapid effects of IPG strongly suggest that Isolated hepatocytes from diabetic animals were incubated for 15 min with saline (control), 5 HM nitrous acid-inactivated IPG (IPGi), 5 fiM glycosyl-phosphatidylinositol (GPI), 100 nM insulin, or the indicated concentrations of IPG. Total RNA was analyzed with a 2 -microglobulin (a2 M-glob) and PEPCK probes, as described in Materials and Methods. The resulting autoradiogram was quantitated, and data are expressed as fold change in mRNA over the control value, which was set at 1.
they are due to transcriptional regulation of the expression of these two genes. To examine this hypothesis, a direct comparison by nuclear run-on assay of the effects of IPG and insulin on the transcription rate was carried out.
Effect of IPG on Transcription of the PEPCK Gene
To determine whether the inhibition of PEPCK mRNA levels by IPG is controlled at a transcriptional level, an in vitro transcription assay in isolated H4IIE hepatoma cell nuclei was performed. This system was chosen since it has been extensively used to study the effect of insulin on PEPCK gene expression (24) (25) (26) (27) (28) . It was first established by Northern analysis, as previously shown for rat hepatocytes, that the addition of IPG (1 HIM) or insulin (100 nM) to H4IIE cells reversed the stimulatory effect of 8-Br-cAMP (0.1 mM) on PEPCK mRNA levels (Fig. 6) .
Run-on experiments were carried out in nuclei isolated from serum-deprived H4IIE hepatoma cells pretreated for 30 min with 8-Br-cAMP (0.1 mM) and then incubated for another 30 min in the presence or absence of either insulin (100 nM) or IPG (1 /IM). The relative rate of PEPCK mRNA synthesis was determined by hybridization of the 32 P-labeled nuclear RNA transcripts to immobilized DNA probes ( Fig. 7 and Table  3 ). The rate of PEPCK mRNA synthesis is expressed as parts of PEPCK RNA transcribed per one million parts of total RNA transcribed. The transcription rate of the PEPCK gene increased 4.3-fold in the presence of 8-Br-cAMP relative to that in serum-deprived control cells (Table 3) . When insulin was added to the medium after induction with 8-Br-cAMP, this hormone produced a 5-fold reduction in the transcription of the PEPCK gene. Under the same conditions, IPG caused a 3.7-fold decrease in 8-Br-cAMP-induced PEPCK gene transcription. These results give direct evidence that IPG controls PEPCK expression at the transcriptional level, as does insulin (26) .
It has been demonstrated that insulin has a profound effect on the regulation of specific gene products in multiple tissues (1-3). Our results suggest that the liberation of IPG may be one of the initial events elicited during the insulin response and, hence, offer new insight into the mechanism by which insulin induces changes in gene expression.
MATERIALS AND METHODS
Materials
Enzymes for nucleic acid modification were obtained from Boehringer Mannheim (Mannheim, Germany) or Pharmacia LKB Biotechnology, Inc. (Piscataway, NJ). RNasin was obtained from Promega (Madison, Wl). DNase-l and proteinase-K were obtained from Boehringer Mannheim. [ 
Animals and Treatments
Male Wistar rats (150-200 g BW), fed a stock diet with water supplied ad libitum and housed under controlled conditions providing light from 0700-1900 h, were used. Diabetes was induced by iv injection of alloxan (Sigma; 60 mg/kg BW) in 20 ITIM sodium acetate buffer (pH 4.5) and 0.15 M NaCI, as described previously (31) .
Isolation of Hepatocytes and Incubation Procedures
Hepatocytes from either normal or diabetic animals were isolated by collagenase dissociation of the liver, as previously described (20) . Cell preparations whose viability, estimated by the trypan blue exclusion test, was higher than 90% were used. Hepatocytes were preincubated at 37 C for 30 min in Krebs-Ringer bicarbonate buffer, pH 7.4, and gassed with a mixture of 5% CO 2 -95% O 2 . Incubations were carried out in the presence or absence of additives for various lengths of time, as indicated in the figure legends. Cells were harvested by centrifugation at 600 x g for 1 min and immediately frozen in liquid N 2 .
Cell Culture
H4IIE rat hepatoma cells (H4; American Type Culture Collection, Rockville, MD) were grown in Dulbecco's Modified Eagle's Medium with 5% fetal bovine serum and 5% calf serum in a 5% CO 2 incubator at 37 C; serum was withdrawn for 20-24 h before experiments when the cells were approximately 60% confluent (8) .
Purification of IPG
IPG was prepared by treating purified liver gly-Ptdlns with the bacterial Ptdlns-PIC, as described previously (8) . Briefly, rat liver membranes were prepared by centrifugation (100,000 x g for 1 h) of a liver extract (supernatant after 10,000 x g for 5 min). Phospholipids were extracted, and the gly-Ptdlns was purified by sequential TLC, as described previously (8) . The purified gly-Ptdlns was then resuspended in 20 mM borate buffer, pH 7.4, and treated with 5 U/ml Ptdlns-PIC at 37 C for 10 h (1 U of activity is defined as the amount of enzyme that will hydrolyze 8 x 10" 4 /*mol phosphatidylinositol at 37 C in 1 min). The treated lipid was then extracted with chloroformmethanol-1 N HCI (2:1:0.03, vol/vol/vol), the organic phase was reextracted with 0.005 M NaCI in 50% methanol, and the upper aqueous phases were pooled, evaporated to remove methanol, dissolved in distilled water, and lyophilized. The concentration of IPG was calculated by measuring free amino groups (13) . Nitrous acid deamination of IPG was performed by incubation of the sample with 0.2 M sodium nitrite in 50 mM ammonium acetate buffer, pH 4.0, for 5 h, as described previously (8, 13) . The biological activity of IPG was assessed in vitro by testing its capacity to inhibit the phosphorylation of histone-IIA by the cAMP-dependent protein kinase (32) . Insulin-like effects of IPG were evaluated by checking its ability to stimulate [U- ]thymidine incorporation into DNA in NIH 3T3-derived EGFRT 17 fibroblasts was measured as described previously (34) .
Insulin-generated IPG was purified from [ 3 H]glucosaminelabeled hepatoma cells (8) treated for 10 min with insulin (100 nM) essentially as previously described (7, 16) . Briefly, after insulin treatment cells were pelleted and extracted with chloroform-methanol-1 N HCI (2:1:0.03, vol/vol/vol). The organic phase was reextracted as described above, and the pooled aqueous phases were freeze-dried. Insulin-generated [ 3 H]IPG was then purified by strong anion exchange HPLC (7, 16) .
RNA Extraction and Northern Analysis
RNA was isolated either from the liver cellular pellet by the standard phenol procedure (35) or from H4IIE cells by acid guanidium thiocyanate-phenol-chloroform extraction (36) . Aliquots of 25 ng total RNA were denatured with glyoxal, separated by electrophoresis in 1 % agarose gels, and transferred to Nytran membranes. Prehybridization and hybridization of the membranes were performed as previously described (37) . The same filters were washed according to manufacturer's recommendations to remove one probe and reused to hybridize with another probe under the same conditions, except in the results presented in Fig. 4 where the first probe (a 2 -microglobulin) was washed but not removed before adding the second probe (PEPCK). Quantitation was performed by scanning densitometry of the x-ray film, and the results presented are the average from at least three different experiments, taking the hybridization with an a-tubulin probe as an internal control.
P-Labeled Probes
The corresponding plasmids were digested with the appropriate restriction enzymes, and the inserts were purified and labeled with [a- 32 P]dCTP by the random priming method, as previously described (30) . Routinely, the specific activities of the probes were 5-10 x 10 8 cpm/^g DNA. Probes used were plasmid pPCK 10, containing a 2.6-kilobase (kb) cDNA for rat cytosolic PEPCK (38) ; a 0.6-kb EcoRI fragment of plasmid p4104 corresponding to the cDNA of a 2 -microglobulin (30); and a 4.8-kb H/ndlll fragment of Drosophila melanogaster atubulin gene (39) .
RNA Transcription Assay in Isolated Nuclei
The nuclear in vitro transcription assay was performed as described previously (40) , except that nuclei were isolated from treated H4IIE hepatoma cells as previously explained (41) . Briefly, cells were homogenized and lysed in an isosmotic solution containing 0.2% Triton X-100, and nuclei were collected by centrifugation (2500 rpm for 10 min), washed in the same solution without detergent and finally resuspended in a mixture containing 50% glycerol and RNasin (200 U/ml). The rate of RNA chain elongation was assessed by incubating nuclei in the presence of [<x- 32 P]UTP (3000 Ci/mmol) and unlabeled CTP, GTP, and ATP. Radiolabeled RNA was isolated after DNase-l and proteinase-K treatments by chloroformphenol extraction and ammonium acetate-ethanol precipitation. Equivalent amounts of 32 P-labeled RNAs were then hybridized to EcoRI-linearized plasmid DNAs (5 ^g) immobilized on Nytran filters. The plasmids used were pBR322 (for background controls), pPCK 10 (as described above), and pBR322 containing a rat /3-actin cDNA insert. The 32 P-labeled RNA bound to filters was visualized by autoradiography at -7 0 C using intensifying screens and then quantitated by liquid scintillation counting of the filters.
